Herein we report on the reactivity between palladium, Pd, and the MAX phases, Ti2AlC, Ti3AlC2, Ti3SiC2 and Cr2AlC. Diffusion couples of Pd/MAX were heated to 900°C under uniaxial stress of ~ 20 MPa for 2, 4, and 10 h in a vacuum (< 1 Pa) hot press. The diffusion couples were examined using X-ray diffraction, scanning electron microscopy and energy-dispersive X-ray spectroscopy. After heating to 900°C for 10 h, the diffusion layer thicknesses in the Ti2AlC/Pd, Cr2AlC/Pd, Ti3AlC2/Pd and Ti3SiC2/Pd couples were found to be 35, 45, 105 and 410 µm, respectively. Thus, Ti2AlC is the most resistant to reaction, while Ti3SiC2 is least resistant, with Cr2AlC and Ti3AlC2, in between. In all cases, the reaction occurred by the diffusion of the A-group element into Pd, concomitant with Pd diffusion into the MAX phase. No diffusion of M and X atoms was detected.
Introduction:
The Mn+1AXn or MAX, phases are layered, hexagonal, early transition-metal carbides and nitrides, where n = 1, 2, or 3, ''M'' is an early transition metal, ''A'' is an A-group (mostly groups 13 and 14) element, and ''X'' is C and/or N. 1 The MAX phases can be further categorized by their n value as "211s" for M2AX (n = 1), "312s" for M3AX2
(n = 2) and "413s" for M4AX3 (n = 3) etc. 2 The MAX phases combine some of the more attractive properties of ceramics and metals together, that can be traced back to their chemical composition and structure. As with most metals, they have and high thermal and electric conductivities, [3] [4] [5] are easily machinable, 6 and have excellent thermal shock resistance and damage tolerance. 3, 5, 7 Some of the most studied, such as Ti2AlC and Ti3SiC2 are lightweight, stiff and creep, [8] [9] [10] [11] [12] oxidation, [13] [14] [15] [16] and fatigue 17 resistant. Due to those unique combination of properties, the MAX phases have been recently proposed for use in the nuclear industry. [18] [19] [20] [21] [22] However, the published results on the chemical stability of the MAX phases vis-à-vis materials for nuclear systems is limited. The corrosion resistant in different coolant environment was studied for certain MAX phases. For example, it has been shown that Ti3SiC2 has superb corrosion resistance to molten Pb and Pb-Bi alloys. [23] [24] [25] It was established that interaction between the MAX phases and fuel cladding material, such as Zircaloy-4, SiC, and pyrolytic graphite, results in A-group element diffusion into the cladding material. 26 , 27 Recently we showed that polycrystalline samples of Ti3SiC2, Ti2AlC, Cr2AlC apparently did not react after exposure to molten Na heated to 750°C for a week in stainless steel sealed tubes, although the Ti3AlC2 sample did react. 28 Moreover, results from the first ever reported study of neutron irradiated bulk MAX phases, [29] [30] [31] [32] [33] have
shown that Ti2AlC and Ti3SiC2 are promising for high temperature nuclear applications.
An aspect for which there has been no work to date is related to the interaction between fission products, such as tritium and palladium with diffusion barrier layers of the TRISO fuel design. 34 Currently SiC and pyrolytic C are used as diffusion barrier layers. However, when Pd evolves from the fuel, it becomes a main factor in SiC corrosion, leading to cladding failure. [35] [36] [37] [38] For example, it has been reported that Pd nodule attack leads to local thinning of the SiC layer. 37, 38 If the Pd penetrates through the SiC, that would create a path for other fission products to escape, which is unacceptable. 37 Other binary carbides and nitrides have also been tested to compare their resistance to Pd vs. SiC. 39, 40 Tan et al. 39 found that TiN and ZrN, followed by TiC and ZrC, displayed better resistance to Pd attack than SiC. After heating to 1400°C for 10 h in a high purity Ar atmosphere, the formation of TiPd(3+x), ZrPd3, and C were found in The purpose of this work was to determine the reactivity of Pd with some common MAX phases. The ultimate question being: could the MAX phases in principle extend the lifetime of TRISO fuel pellets, by being used as an additional layer that maintains good thermal conductivity, or as a substitute to the current used SiC layer. In the present study, we focus on the interaction of Ti2AlC, Ti3AlC2, Ti3SiC2 and Cr2AlC polycrystalline samples with Pd at 900°C.
II. Experimental Details.
The Ti2AlC samples were sintered from Ti2AlC powders (-325 mesh In all cases, except the Cr2AlC composition, etching resulted in brilliant colours under the OM.
X-ray diffraction (XRD) patterns of both sides of the fractured interface after thermal treatment of each diffusion couple were obtained using a diffractometer (Rigaku SmartLab, Tokyo, Japan) with a 2 or 5 mm slit, depending on sample size. The scans were conducted over the range of 5 to 70° 2θ, with a step size of 0.02° and a dwell time of 0.5 s per step.
III. Results and Discussion
When the XRD patterns of the interfaces of the various diffusion couples are plotted (not shown) the only definitive result was obtained on the Cr2AlC side of its diffusion couple, clearly identifying PdAl as a reaction phase (Fig. 1) . Several attempts were made to obtain similar information for the other diffusion couples, but no useful information was gleaned, most probably because the fractured surfaces were quite rough or/and the volume fraction of the reaction product was too small. Furthermore, if the fracture plane does not cleave the diffusion couple exactly where the reaction layer is located, the likelihood of obtaining an XRD signal is not high. Nevertheless, the definitive evidence for PdAl being a reaction phase in the Cr2AlC/Pd system is important since (as discussed below) the EDS results suggest it to be the reaction product in the Ti2AlC/Pd and Ti3AlC2/Pd systems, as well.
In the following, the microstructures of each diffusion couple are presented separately.
Cr 2 AlC/Pd system
Backscatter electron, BSE, SEM micrographs of the Cr2AlC/Pd interface after heating to 900°C for 2, 4, and 10 h shown in Fig 2a, b , and c, respectively, show the growth of the diffusion layer from 20 µm, after 2 h, to 45 µm, after 10 h.
A BSE SEM micrograph of the interface after heating to 900°C for 10 h is shown in Fig.   3a . The corresponding elemental maps of Al, Pd, and Cr are shown in Figs. 3b, c, and d, respectively. From these micrographs it is obvious that both Pd and Al migrate simultaneously, while Cr diffusion is quite limited. The presence of small dark regions in the reaction layer in Fig. 3a , that appear to be similar in shape and morphology to those in the underlying Cr2AlC suggest that the location of the original interface is given by the red line in Fig. 3 . A BSE SEM micrograph of the interface (Fig. 7a ) along with elemental maps of Al, Pd, and Ti are presented in Fig. 7b, 7c, and 7d , respectively. The interface shows similar features to the Ti2AlC/Pd interface case at the same conditions. Here again there is no ambiguity as to the location of the original interface since the outline of the Ti3AlC2 grains are clearly visible to the left of the thin red line in Fig. 6b . The diffusion layer clearly shows the migration of Pd, and the depletion of Al on the Ti3AlC2 side (Fig. 7b) .
EDS point analysis suggest on a formation of a palladium aluminide phase on the Al rich region viz. on the right side of the red line (Fig. 7b) . It is thus reasonable to conclude that in this diffusion couple the Pd and Al are inter-diffusing, while the Ti appears to be immobile. It is important to point here that Pd penetration deep into the Ti3AlC2 substrate is also evidenced by the Pd map shown in Fig. 7c . The morphology of this phase is not as clear as in the Ti2AlC case, but it is reasonable to assume that the Pd in this case also penetrated along the grain boundaries through possibly a liquid phase. That the thickness of this layer -at ≈ 200 µm -is comparable to that in the Ti2AlC case, is thus probably not a coincidence.
By assuming that same reaction takes place between Pd and other Al-based MAX phase, the next general reaction can be suggested: To shed more light on the nature of this region, a lamella of that layer was focus ion beam machined for TEM observations. Typical TEM results of that layer are shown in Fig. 10a , from which it is clear that the hexagonal symmetry ( Fig. 10b and 10c ) and When the thickness, x, of the newly formed diffusion layer on the MAX side ( 
Summary and Conclusions:
Herein we report, for the first time, on the interaction between Pd with the MAX phases, Cr2AlC, Ti2AlC, Ti3AlC2 and Ti3SiC2. Table 1 
